Using all-atom molecular dynamics simulations in water environment, it was possible to demonstrate spontaneous and tight encapsulation of glucose oxidase (GOx) dimer by graphene 7 nm x 7 nm sheets linked together by linkers of different width and forming a flower-like or cross-like shapes. The partially overlapping graphene sheets compacted the structure of GOx dimer, bringing the monomers much closer to one another. We found that the most complete wrapping of the enzyme was achieved for the cross-like graphene. Encapsulation can be a useful way to obtain a large contact surface. However, an exceptionally tight binding by the graphene can also influence the positions of amino acids in the enzyme binding site resulting in less efficient catalytic reaction. Furthermore, such extensive encapsulation could block the access of the substrate to the active site of the enzyme. Contrary, a partial encapsulation by graphene using nano-sheets caused only small distortions of GOx structure while the contact surface with graphene was high.
INTRODUCTION
Glucose oxidase (GOx) is a glycoprotein that catalyzes the conversion of -D-glucose to -gluconolactone and hydrogen peroxide in the presence of oxygen. In 1962, Clark and Lyons [1] demonstrated that the presence of glucose in blood plasma could be detected by the change in the potential of the electrode adjacent to GOx during catalysis of glucose. The oxidation overpotential of the electrode reaction can be reduced by modifying the electrode with graphene or other 2D material to facilitate a direct electron transport from the GOx active site being a redox center and containing FAD (flavin adenine dinucleotide). Graphene, because of its properties as being strong, flexible, transparent and highly conductive, could be relatively advantageous for sensing compared to other carbon nanomaterials [2] . Furthermore, nowadays, graphene can be fabricated in many shapes and sizes, including recently introduced growth in lithographically patterned hexagonal boron nitride atomic layers [3] , which makes it highly suitable for encapsulation.
Graphene, a two-dimensional, single-atom-thick crystalline material has fascinated a wide spectrum of researchers due to their remarkable qualities. The robust nature of sp2-bonded carbons forming a hexagonal lattice makes it physically and chemically stable. Despite of being ultra-thin, flexible and transparent, it is one of the strongest material ever known and its physicochemical and electronic properties, greatly differs from those of graphite, nanotubes and other existing nanomaterials. Also, unlike other semiconductors, the charge carriers in graphene, like electrons and holes, have a linear energy dispersion relation near Dirac point [4] , hence they travel a great distances (~micrometers) without scattering. As the existing materials are approaching fundamental limitations for electronic device fabrications, graphene based electronics (e.g. biosensors) holds an immense potential for future electronic applications. These outstanding properties have triggered an increase in demand of producing graphene on a large scale. Hence, many studies have been directed towards efficient methods for graphene production. Various methods [5] [6] [7] [8] [9] [10] like mechanically cleaved, chemical exfoliation, reduced graphene oxide, eptitaxial growth (like on silicon carbide), chemical vapor deposition, have gained attention is recent years. Graphene being a transparent, conductive and an elastic material, has encouraged researchers to explore and exploit its properties to propel a new generation of nanoelectronic devices to overcome the limitations of the traditional electronic materials. Due to its superior multi-functionalities, graphene has found its way into a wide range of applications like being utilized for fabricating integrated circuits [11] , TEM specimen support films [12] , gas detectors [13] , energy storage [14] , field effect transistors, electrochemical and biosensors. Another essential attribute of graphene that makes it more advantageous is its ability to be chemically functionalized. This facilitates researchers to tailor its physicochemical and electrical properties to suit a wide spectrum of possible applications to make them extremely sensitive and efficient [15] [16] [17] [18] . Being a lipophilic material, graphene can be utilized for various challenging problems like drug delivery. In the realm of biosensing, its high surface-to-volume ratio, excellent electron transfer ability between the catalytic site of the enzyme and the electrode, provides graphene based biosensors a novel opportunity. Thus, graphene has exhibited the potential for bioapplications like monitoring concentration of a wide spectrum of biomolecules including glucose, ethanol, cholesterol, triglyceride and glycated hemoglobin [19, 20] . GOx is widely engaged for the fast and inexpensive measurements of free glucose in biofluids (blood, saliva, etc). GOx is a stable dimeric glycoprotein (160 kDa) containing a flavin adenine dinucleotide (FAD), a cofactor found deep inside the GOx, which facilitates the oxidation reaction and is known to stabilize the three-dimensional structure of GOx ( Figure 1a) . As many other enzymes it is covered by polar and charged amino acids on its surface (Figure 1b A great deal of enthusiasm has been demonstrated over the past few decades to utilize the enzyme in glucose sensing. Earlier, redox mediators were employed to facilitate the electron shuttling between the enzyme catalytic site and the electrode [21, 22] . Later, a long three dimensional redox polymers (like poly-vinylpyridine/vinylimidazole) attached to the surface were used to improve the electrical contact between the enzyme and electrode [22] . Recently, since the dawn of nanotechnology, nanomaterials are now effectively substituting the traditional redox polymers. Nanomaterials like gold nanoparticle and carbon nanotubes acts as electric wiring between the electrode and the enzyme [23] , hence now exhibiting a higher electrontransfer turnover rate. Next generation glucose biosensors are that eliminates the need of mediators and reduces the oxidation overpotential to facilitate an efficient direct electron shuttling, hence making them highly more sensitive. The vast surface area, surface homogeneity and zero band gap of graphene has enabled researchers to efficiently immobilize the desired enzyme for a direct electron transport to the electrode, either through a covalent crosslinking or by a passive adsorption of the enzyme [24] . Hence, graphene based biosensors demonstrate an outstanding potential for a direct electron transport system with superior time responses. Since, an effective electron shuttling requires a tight binding of the graphene with GOx, understanding the interaction between the graphene and GOx is of prime importance. To the best knowledge of the authors, there are no studies so far on the graphene-enzyme interactions and the effect of graphene upon the structure and function of the bound enzyme. We tested different shapes of graphene sheets and found that the cross-like shape led to the best coverage of the protein surface by graphene.
THEORY

Simulations of GOx dimer with separate graphene sheets
A high resolution 1.8 Å (PDB id 1GPE) crystal structure [25] of GOx dimer from Penicillium amagasakiense GOx was selected for the simulation experiments. Before modeling procedures all sugar groups were removed and the missing hydrogen atoms were added using YASARA (YASARA Biosciences). Separate single graphene sheets, 7 nm x 7 nm, were positioned close to each of the four non-identical surfaces of GOx dimer for molecular dynamics (MD) simulations. Positioning of graphene sheets was done in VMD (Visual Molecular Dynamics) program [26] . The topology of the system was generated using the g_x2top program in Gromacs package and the OPLS-AA (Optimized Potentials for Liquid Simulations -All Atom) force field was applied [27] . The charges for carbon atoms in graphene were set to zero. Nonbonded parameters for graphene correspond to those of fusion carbon atoms in naphthalene. The obtained structures of GOx-graphene complexes were placed separately in periodic boxes of size 12 nm x 12 nm x 12 nm and solvated with water. Counter ions were added to neutralize the system. The SPC (Single Point Charge) model was used for water [28] . The whole systems were energy minimized using the steepest descent method while freezing the backbone atoms of the protein to prevent accidental unfolding of the protein. After that, the systems were equilibrated in two steps: 100 ps MD using NVT ensemble followed by 1 ns MD using NPT ensemble while restraining backbone atoms of the protein. Then, the production MD was carried out without any restraints for 100 ns in 300 K temperature and pressure 1 bar. For all simulations the short-range nonbonded interactions were cut off at 1.0 nm and long-range electrostatics was calculated using particle mesh Ewald (PME) method [29] . Temperature was coupled by Velocity rescaling (Vrescale) [30] algorithm which follows the Berendsen thermostat [31] with an extra stochastic term to reproduce a proper canonical ensemble. Bonds were constrained using LINCS algorithm so 2 fs time integration step was employed [32] . The Parrinello-Rahman isotropic pressure coupling was implemented for constant pressure simulations [33] . All simulations were performed using Gromacs 4.5.5 [34, 35] .
Simulations of GOx dimer with linked graphene sheets
Squared graphene sheets, 7 nm x 7 nm, were aligned to form a flower-like structures. The central sheet was connected to four side sheets using one linker to each sheet. For complex 1 the thin linker was used 1.2 nm long (5 benzene rings) and 0.7 nm (3 benzene rings) wide. For complex 2 the cross-like shape of graphene was used (equal to the usage of the broadest linkers 7.0 nm between sheets). The structures of graphene sheets were generated using the Carbon Nanostructure Builder module in VMD. The enzyme-graphene complexes were energy minimized using the steepest descent method for 1000 steps before further use. The Amber03 force field [36] was used for GOx and General Amber Force Field (GAFF) [37] was employed for FAD (flavin adenine dinucleotide). The structures were further energy minimized for 5000 steps, and then a 100 ps stochastic dynamics (SD) simulations were performed under constant volume with the positions of enzyme heavy atoms restrained. To move graphene sheets closer to GOx, a pulling force with a force constant of 1000 kJmol -1 nm -2 was imposed on the centers of mass of the opposite graphene sheets. After 100 ps all four side sheets were in contact with GOx and then 2 ns SD simulation was performed with GOx and FAD constrained and without external forces. During this simulation the graphene sheets not only wrapped around GOx but also overlapped with the adjacent sheets to a large extent.
To obtain reliable structures of both complexes the systems were simulated in water environment. The GOx dimer-graphene complexes were soaked in water and counterions were added. Then, 2 ns MD simulation using NVT ensemble was performed with the positions of heavy atoms in GOx, FAD and graphene constrained to equilibrate the water and ions. Then, a 2 ns MD simulation under NPT ensemble was performed with the same constraints to equilibrate the water density. Following that, the restraints on graphene were removed and another 2 ns simulation was performed. Finally, all restraints were removed and MD runs of 100 ns were performed under NPT ensemble with all bonds constrained with the LINCS algorithm [32] . Constraining bonds made possible using a time step of 2 fs. During all MD simulations, the van der Waals interaction potentials were shifted to 0 within a range 0.8-1.2 nm with the long range dispersion corrections to both energy and pressure. The long range Coulomb interactions between partial charges of atoms were calculated by the PME method with cutoff of 1.2 nm [29] . The temperature of the system was coupled separately for the solute and water/ion groups to a heat bath of 300 K using the Nose-Hoover method [38, 39] . The pressure was kept constant at 1 bar using isotropic coupling in the Parrinello-Rahman method [33] . The simulations were performed using Gromacs 4.5.5 MD simulation package [34, 35] .
RESULTS AND DISCUSSION
At first we performed 100 ns all-atom MD simulations of GOx dimer in contact with the single graphene sheet, 7 nm x 7 nm in size, in water environment. The sheet covered each side of the dimer (Figure 3) . Only in one case we observed significant movement of graphene and some wrapping of GOx was observed (Figure 3c' ). The GOx structure stabilized after about 50 ns but the movement of graphene sheet continued until the optimal contact was established after about 70 ns. Such movement was facilitated by the small area of GOx-graphene contact -about 30 nm 2 . The N-terminus of GOx and also its flexible loops changed their conformation in contact with graphene to establish a better contact with graphene surface. In some cases (a and b) this contact surface remained the same, but in case d it even diminished (Figure 3) . So a square graphene sheet proved to be not good for efficient binding of GOx and possibly other enzymes.
Then, we performed a 100 ns MD simulation of GOx dimer in water environment using all four graphene sheets located initially in the same positions as in simulations with a single sheet. During the 100 ns MD simulation all graphene sheets slipped together forming a stack ( Figure  4a) . Transiently, the residues in contact with graphene were nearly the same as in case c' of a single sheet (Figure 3c') . Then, the graphene stack slowly became flat what was associated with diminishing contact with GOx. A monomer of GOx being in extensive contact with graphene stabilized after 70 ns while the second monomer stabilized much earlier after 30 ns. A final contact involved residues 1-9 interacting with the central part of the graphene sheet and also some other residues from both protomers of GOx (Figure 4a ). This position proved to be stable till the end of the 100 ns simulation. Compared to case c (Figure 3c' ) of the single graphene sheet the protein-graphene interface diminished by 10 % from 33.5 nm 2 to 30.8 nm 2 but the interaction became more attractive and the energy of interaction changed by 20 % from -1050 kJ mol -1 to -1250 kJ mol -1 . An average distance between stacked graphene layers was about 0.35 nm which is in agreement with 0.344 nm distance between the layers in graphite. To test the possibility of encapsulation of dimeric GOx by graphene we used four sheets of the same dimensions, 7 nm x 7 nm, which can cover one side of the GOx dimer and connected them to the central graphene sheet of the same size. We employed different linkers between sheets ranging from 0.7 nm in width (three benzene rings) and 7.0 nm (equal to the sheet's size) resulting in cross-like graphene shape. We found that the graphene sheets not only wrapped around GOx but also attracted the adjacent sheets due to strong hydrophobic interactions between graphene sheets. The highest effect of attraction between graphene sheets was visible in the structure with narrow linkers where two adjacent graphene sheets entirely overlapped forming a sandwich type complex (Figure 4b) . However, the maximal encapsulation, resulting in the highest protein-graphene contact area, was achieved by cross-like graphene ( Figure 5 ). The graphene-protein contact area (calculated as a buried water-accessible surface) was the smallest for complex 1 and the largest for complex 2. These two extreme systems were subjected to MD simulations in water environment to optimize the structures and to test their stability. The obtained GOx-graphene contact area was 119 nm 2 for complex 1and 168 nm 2 (41 % increase) for complex 2 (Table 1 ). Both models of complexes stabilized before 20 ns of MD simulation but the RMSD of GOx dimer in model complex 2 was twice as big as in model complex 1 suggesting stronger interactions between graphene and GOx. The GOx dimer in complex 1 remained almost undisturbed by the surrounding graphene, so the GOx-GOx contact surface, 26.6 nm 2 , was similar to that in the uncomplexed GOx dimer, 24.2 nm 2 , while in complex 2 this contact increased to 60.9 nm 2 and both monomers were closer to one another by about 0.5 nm. The redox cofactor FAD was also closer to graphene by 0.22 nm, however, all interactions of the FAD in the active site were preserved and only the loops in the GOx-GOx contact area changed their positions. The volume of the GOx dimer is nearly the same in both models (1.6 % difference in volume of water-accessible surface).
Recently, Bellido and Seminario performed MD simulations of small flower-like 2 nm x 1.2 nm graphene flakes linked by thin linkers of single benzene ring width. The structure folded in vacuum within 200 ps with a nanodroplet of water (140 water molecules) inside [40] . Our simulations of much larger graphene sheets and in water environment indicate that complexes of enzymes encapsulated by graphene can be formed spontaneously and be stable. However, rather small sheets of graphene are required for efficient encapsulation of single enzyme molecules. For larger solutes it has been shown experimentally as well as by MD simulations that water microdroplets containing large patches of graphene oxide and the solute spontaneously formed nanostructures of sack-cargo wrapped by graphene oxide sheets upon drying [41] .
CONCLUSIONS
Molecular dynamics studies have revealed the possibility of efficient encapsulation of enzymes by a cross-like shaped graphene leading to the formation of a burrito-like structure. It might be a way to obtain spontaneously a tight and extensive contact surface with enzymes for enhancing a direct electron transport to enzyme redox centers to construct highly efficient biosensors.
